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Abstract

Purpose: The promotion of mammary adenocarcinoma induced by Dimethyl benz (a) Anthracene (DMBA) is
preceded by disruptions of the Hypothalamo-Pituitary-Gonadal and Hypothalamo-Pituitary-Adrenal axes and by a
reduction of the secretion of Melatonin. We hypothesized that these disruptions might be induced by changes, in
neuroendocrine structures of the brain, in the gene expression of receptors for Aryl Hydrocarbon (AHR) and17β-
Estradiol (ERS1 and ERS2).

Methods: Sprague Dawley female rats received one single administration of DMBA (75 mg/kg) at 52-55 days of
age and were ovariectomized 5 days later. Then, one month later, RNAs from the Pineal Gland, the Hippocampus
and the Hypothalamus were prepared and analyzed by real-time PCR for the presence of the transcripts encoding
receptors for AHR and 17β-Estradiol (ERS1 and ERS2) together with those encoding Gonadotropin Releasing
Hormone (GNRH1),Corticotropin Releasing Hormone (CRH) and Hydroxy-Indol-O-Methyl-Transferase (ASMT),the
rate limiting enzyme for the synthesis of Melatonin.

Results: There was a long lasting and almost identical decrease in the expression of AHR, ERS1 and ERS2 in
the Hypothalamus and the Pineal Gland. Also, there was an increase in the expression of ASMT and GNRH1 genes
in the Pineal Gland, and of the GNRH1 gene in the Hypothalamus.However and, very interestingly, no effect was
seen for the expression of any investigated gene in the Hippocampus, a structure of the brain implicated in
cognition.

Conclusion: DMBA reduces the brain expression of AHR, ERS1 and ERS2, key transcriptional factors, but only
in brain structures involved in the control of neuroendocrine systems.
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Introduction
Female Sprague-Dawley (SD) rats develop mammary

adenocarcinoma in response to a single intragastric dose of 7, 12-
dimethylbenz (a) Anthracene (DMBA), a polycyclic aromatic
hydrocarbon (PHA) [1]. The mechanisms by which DMBA induces
mammary tumours in rats have been well characterized. The
carcinogen interacts with rapidly proliferating cells in the terminal end
buds, forming DNA adducts, which in turn play a role in transforming
normal terminal end bud cells into malignant cells [2-4]. The
susceptibility of SD rats to DMBA peaks at 55-60 days of age and is

eliminated by ovariectomy, suggesting that the inducible action of the
carcinogen depends on ovarian hormones [5].

Furthermore, the development of DMBA-induced adenocarcinoma
is preceded by a series of disturbances of the Hypothalamo-Pituitary-
Gonadal (HPG) axis and the Hypothalamo-Pituitary-Adrenal axis
(HPA) axes during the latency period. Along the HPG axis, a blunting
of pre-ovulatory surges of plasma Luteinizing Hormone (LH) and
Follicle-Stimulating Hormone (FSH) [6] together with an increase in
the pre-ovulatory surge of plasma 17β-Estradiol (E2) [7] were observed
in response to DMBA. Also, female rats treated with DMBA displayed
a reduction in GNRH1 release associated with a blunted LH release
[8]. In addition, disturbances of the expression of the hypothalamic
Gonadotropin-Releasing Hormone (GNRH1) and its pituitary
receptor genes occur throughout the oestrus cycle [9]. In the HPA axis,
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a long-term deregulation of circadian and E2-induced corticosterone
secretion was observed in DMBA-treated rats [10]. Also, DMBA
induces a reduction of the secretion of melatonin from the Pineal
Gland [11].

DMBA is a ligand for the Aryl Hydrocarbon Receptor (AHR) which
is expressed in the central nervous system, including the
Hypothalamus and the Hippocampus [12]. Upon DMBA binding, like
in the presence of 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD), AHR
translocates to the nucleus where it heterodimerizes with the AHR
nuclear translocator (ARNT) and binds to AHR DNA recognition
sites, also named xenobiotic response elements (XRE) [13]. Most AHR
ligands display anti-estrogenic properties. This could be explained at
the molecular levels by several mechanisms including estrogen
catabolism, ubiquitination and degradation of both estrogen receptors,
negative interaction between responsive elements or co-activator
squelching [14]. However, recent studies showed that pro-estrogenic
properties could also be observed according to the status of the
estrogen receptor (bound versus unbound to its ligand) [15].
Interestingly, a co-localisation of AHR and ERβ was documented in
the Anterior Pituitary [16] and the brain [17,18].

Given the long-term dysregulation of the activity of HPG and HPA
axes, two major neuroendocrine axes strongly positively and/ or
negatively connected [19] and of the well documented effects of
estrogens on the HPG and HPA axes, we hypothesized that DMBA can
induce changes in specific area of the brain of the expression of genes
encoding AHR, ERS1and ERS2 and induce the unbalanced
functioning of the HPG and HPA axes and in the reduced melatonin
secretion.

After DMBA administration, the expression of genes encoding
AHR, ERS1 and ERS2 was registered in the Hypothalamus which is
involved in the control of neuroendocrine functions, and in the Pineal
Gland, which is involved in the control of Melatonin secretion.

The expression of genes encoding GNRH1, Corticotropin Releasing
Hormone (CRH) and Hydroxy-Indo-O-Methyl-Transferase (ASMT),
the rate limiting enzyme for the synthesis of Melatonin, were also
recorded in the same extracts of Hypothalamus and Pineal Gland.

Last, the expression of all investigated genes was also recorded in
the same extracts in the hippocampus, a structure of the brain which is
not involved in the control of neuroendocrine functions, but in
cognitive functions.

Materials and Methods

Animals
Ethics statement: The present study has been conducted according

to the European rules and the CNRS instruction on Animal Welfare.
The animal studies described in this manuscript were conducted in
accordance with accepted standards of animal care. The study was
approved by the ethical committee of Paris Descartes University. All
surgery was performed under chloral anesthesia, and all efforts were
made to minimize suffering.

SD female rats (Charles River) were purchased at 49 to 51 days of
age. They were housed (5 animals per cage), under controlled
temperature (21+1°C). The animal housing room diurnal cycle was 12
hours light/12 hours’ darkness (light on: from 7 a.m. to 7 p.m.) The
animals receive UAR food and water at libidum.

After 6-8 days of acclimatation, the rats received, at 55-57 days of
age, either 75 mg/kg of DMBA dissolved in 1 ml of sesame oil or 1 ml
vehicle alone, on the day of estrous of the estrous cycle. Rats were
treated at 55-57 days of life, since the induction of the mammary
cancer is maximal at this time of life [1]. Then, DMBA-treated and
control-treated rats were ovariectomized 5 days after administration of
the treatments, to avoid a possible effect of variations of gonadal
hormones on DMBA action. The ovariectomy was not performed
before the administration of DMBA since the induction of the
mammary tumors requires the presence of the ovary; when the ovary
was present, the first palpable mammary tumors appear by 60 days
after the induction of the carcinogenic process [6]. Rats were then
sacrificed by decapitation one month later, at a time when there was
still no palpable mammary tumor.

Then the Pineal Gland, the Hippocampus and the Hypothalamus
(Hypothalami were removed using the anterior border of the optic
chiasma, the posterior border of mammillary bodies and lateral
hypothalamic sulci to a depth of 2.5 mm as dissection limits), were
removed and immediately frozen in liquid nitrogen and stored at
-80°C until extraction.

Two series of experiments were performed, with 7 and 15 animals
per DMBA-treated or Control-treated group, in the first and the
second experiment, respectively.

RNA extraction and RT-PCR
Total RNA from the Pineal Gland, the Hippocampus and the

Hypothalamus were obtained with the RNeasy mini kit for lipid tissues
(Qiagen) according to the manufacturer’s instructions. Sample quality
was controlled with the 260/280 nm absorption ratio determination
(Nano drop ND-1000, Thermo Scientific). For real-time PCR analysis,
1.25 µg of total RNA was reverse transcribed with the multiscribeTM

reverse transcriptase of the high capacity cDNA archive kit (Applied
Biosystems). cDNA were amplified on a thermal cycler (ABI-Prism
7900HT from Applied Biosystems) using specific oligonucleotides and
the Sybr Green fluorescence method(SYBR Select Master MIX from
Life Technologies). Specific sequences of forward and reverse primers
were respectively as follows:

AHR: 5’-TTCCCTTATGAGTGCCTTG-3’ and 5’-
CCTGAGTGTGTCTGATTTCC-3’;

ERS1: 5’-TGCTCCTAACTTGCTCTTG-3’ and 5’-
GATGTGGTCCTTCTCTTCC-3’;

ERS2:5’-TGAGCACCTTGAGTCCAGAG-3' and 5'-
CAGTCCCACCATTAGCACC-3';

CRH: 5’-CTGTCCCCCAACTCCAC-3’ and 5’-
GCTAACTGCTCTGCCCTG-3’;

GNRH1: 5’-CTGGTCCTATGGGTTGC-3’ and 5’-
AGTTCTGGGGTTCTGCC-3’;

ASMT: 5’-CTCCTGCTGTCACTCAAC-3’ and 5’-
CAAAACTTCCTGTCCCC-3’;

For each couple of primers, PCR efficiency and specificity were
tested with serial dilutions of samples and melting curve analysis,
respectively. Data were normalized with the ribosomal 18S RNA level
as a reference and quantification was carried out by comparison of the
number of cycles required to reach reference and target threshold
values (δ-δ Ct method).
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Statistical analysis
The main purpose of this study was to compare the gene expression

between control group and DMBA group within the Pineal Gland, the
Hippocampus and the Hypothalamus. Results of two independent
experiments were pooled before statistical analysis. Mean and standard
deviation were presented with 95% confidence interval. The Mann-
Whitney test was performed to compare gene expression between
control and DMBA group. All analyses were performed in SAS 9.1
(Cary, NC). The significance level was at least 0.05.

Results
Results are shown in figures 1 to 3.

In the PINEAL GLAND (Figure 1), mRNA levels of the AHR,
ERS1, ERS2, GNRH1 and ASMT were significantly different between
DMBA and control groups. Transcript abundance in the DMBA group
was lower than in controls for AHR, ERS1 and ERS1. However,
transcripts from DMBA-treated animals were more abundant than in
the control group for GNRH1 and ASMT. All other mRNA levels were
not found significantly different between DMBA and control groups.

Figure 1: Relative gene expression levels within the Pineal Gland.

Expression levels were normalized to those of 18S. Empty bars
indicate the normalized levels of gene expression for the control
group. Asterisks represent statistically-significant differences between
the DMBA group and the corresponding control group.

Mean ± SE of 18-20 determinations
*p<0.05; **p<0.01

In the HIPPOCAMPUS (Figure 2), the expression of all investigated
genes was similar in DMBA and control groups.

Figure 2: Relative gene expression levels within the Hippocampus.

Mean ± SE of 18-20 determinations

In the HYPOTHALAMUS (Figure 3), the expression of the genes
encoding AHR, ERS1, ERS2, CRH, CRH and GNRH1 were
significantly different between DMBA and control groups. In the
DMBA-treated animals, the abundance of AHR, ERS1, ERS2 and CRH
transcripts was significantly lower than in the control group. However,
GNRH1 mRNA levels were significantly higher in the DMBA group
than in controls.

Figure 3: Relative gene expression levels within the Hypothalamus

Expression levels were normalized to those of 18S. Empty bars
indicate the normalized levels of gene expression for the control
group. Asterisks represent statistically-significant differences between
the DMBA group and the corresponding control group.

Mean ± SE of 18-20 determinations
*P< 0.05; **p<0.01
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Discussion
The present results clearly provide strong evidence that changes in

brain gene expression were observed only in the Pineal Gland and the
Hypothalamus one month after exposure to DMBA. An almost
identical parallel decrease was recorded for the expression of AHR,
ERS1 and ERS2 genes. The long-term decrease in the expression of the
AHR gene and in the expression of both ERS1 and ERS2 genes is
probably due to the interaction of DMBA with these three receptors.
Indeed, DMBA is an AHR ligand that rapidly leads to nuclear
translocation of the receptor and to transcriptional activation of target
genes after its heterodimerization with ARNT. However, this process
also causes the degradation of the AHR, which is sometimes described
as a negative feedback. This mechanism might not be sufficient to
explain the observed down-regulation because DMBA is not a
persistent organic pollutant and this negative feedback might be then
difficult to maintain after one month which is the period between
DMBA treatment and the sacrifice of animals.

Most AHR ligands were also historically described as anti-estrogens
[14]. For example, female Sprague-Dawley rats treated with TCDD, an
AHR high affinity ligand, display delayed incidence of mammary
tumors [20]. Only few studies were carried out on the nervous system
of mammals with DMBA [21] but alternative ligands, including
TCDD, were sometimes used. Experimental studies showed that
TCDD-exposed animals display multiple symptoms including defects
of motor coordination or spatial memory [22-24]. The associated
mechanisms have not been discovered yet but the anti-estrogenic
properties of AHR ligands might be important to consider; estrogens
and ERs indeed regulate several developmental or homeostatic process
related to the nervous system [25]. The interactions between the AHR
and ERs have been characterized at the molecular level and might be
considered to understand the effects of DMBA on ERs in our study.
First, AHR ligands increase the expression of several cytochromes
P450 including CYP1A1 and CYP1B1 which catabolize 17β-Estradiol
and decrease its concentration [12,26,27]. Second, both AHR and ERs
share common co-activators (CBP/p300); competition might occur if
both signaling pathways are simultaneously activated [28]. Third, the
dioxin receptor responsive element (XRE) was early on described in
the promoter of 17β-Estradiol responsive genes [28]. The proximity of
the XRE with the 17β-Estradiol response element very likely supports
interactive action between AHR, ERS1 and ERS2 [16].

Finally, recent studies highlighted a new property of AHR, showing
that the receptor also forms a nuclear complex with ERS1 and CUL4B
(an E3 ubiquitin ligase) triggering the ubiquitination of ERS1 and
subsequently its degradation [29]. Interestingly, this is only observed if
ERS1 is bound to 17β- Estradiol; conversely, if ERS1 is unbound, AHR
acts as a co-activator on estrogen-responsive promoters suggesting
that the interaction between both receptors is more complex than
previously described; this AHR might be alternatively described as a
modulator of estrogenic pathways [15]. A co-localization of the AHR
with ERS2 was already demonstrated at the brain level, thus suggesting
that an interaction might occur between these receptors [30,31]. The
decreased expression of ERS1 and ERS2 in our study might be due to
an activated AHR pathway that stimulates the ubiquitination process.
Alternatively, genetic or epigenetic mechanisms could also take place
to explain the long-term effect of DMBA and needs to be explored
because it could represent a novel type of crosstalks between AHR and
ERs.

DMBA was previously shown to mimic most of the biological
effects of 17β-Estradiol [32] and its effects on ERs were documented
[33].

The DMBA effects on GNRH1, ASMT and CRH transcripts most
likely result from the direct or indirect action of DMBA throughout
changes in AHR and ERs gene expression.

At the hypothalamic level, the reverse relationship between the
expression of GNRH1 and CRH genes is in agreement with the well-
documented reverse relationship between the activity of HPG and
HPA axes [19]. Interestingly, the expression of the ASMT gene,
encoding the rate-limiting enzyme for the synthesis of melatonin, was
markedly up-regulated by DMBA. However, DMBA reduces the
secretion of melatonin from the Pineal Gland [11].

All together the most important findings of the present study are
that DMBA induces identical long term decreases in the expression of
AHR, ERS1 and ERS2 genes, in the Pineal Gland and the
Hypothalamus,two neuroendocrine structures, whereas no effect is
detected at the Hippocampus level, a non-neuroendocrine structure.

Whether or not the decreases seen for the expression of AHR, ERS1
and ERS2 genes in the Pineal Gland and the Hypothalamus play a role
in the promotion of the carcinogenic process remains to be
demonstrated.Follow up studies will involve protein expression of the
investigated genes.
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